Background: Exposure to ambient air pollution has been associated with lower lung function in adults, but few studies have investigated associations with radiographic lung and airway measures. Methods: We ascertained lung volume, mass, density, visual emphysema, airway size, and airway wall area by computed tomography (CT) among 2,545 nonsmoking Framingham CT substudy participants. We examined associations of home distance to major road and PM 2.5 (2008 average from a spatiotemporal model using satellite data) with these outcomes using linear and logistic regression models adjusted for age, sex, height, weight, census tract median household value and population density, education, pack-years of smoking, household tobacco exposure, cohort, and date. We tested for differential susceptibility by sex, smoking status (former vs. never), and cohort. Results: The mean participant age was 60.1 years (standard deviation 11.9 years). Median PM 2.5 level was 9.7 µg/m 3 (interquartile range, 1.6). Living <100 m from a major road was associated with a 108 ml (95% CI = 8, 207) higher lung volume compared with ≥400 m away. There was also a log-linear association between proximity to road and higher lung volume. There were no convincing associations of proximity to major road or PM 2.5 with the other pulmonary CT measures. In subgroup analyses, road proximity was associated with lower lung density among men and higher odds of emphysema among former smokers. Conclusions: Living near a major road was associated with higher average lung volume, but otherwise, we found no association between ambient pollution and radiographic measures of emphysema or airway disease.
A large body of research has demonstrated that short-term exposure to ambient pollution is acutely harmful to adult lung function and respiratory health. [1] [2] [3] [4] A modest number of studies, including our previous work in the Framingham Heart Study (FHS), have found that longer-term yearly exposure to higher levels of pollution is associated with lower lung function and faster lung function decline among adults. [5] [6] [7] [8] [9] [10] It remains unclear whether these associations of longer-term pollution with lung function are accompanied by structural differences in the pulmonary parenchyma or airways.
Some recent studies have examined associations between ambient pollution and quantitative computed tomography (CT) measures of emphysema, air trapping, and airway thickening. The Multi-Ethnic Study of Atherosclerosis (MESA) examined associations of particulate matter <2.5 µm in diameter (PM 2.5 ) and nitrogen oxides (NOx) with percent emphysema-like lung by CT and found positive associations between annual pollutant exposure and percent emphysema, but these associations became less precise and reversed direction after adjustment for study site. 11 In COPDGene, a study of current and former smokers, occupational exposures to dust and fumes were associated with higher percent emphysema and gas trapping on chest CT and greater airway wall area among men. 12 In our previous work, 6 residential proximity to a major road, and recent annual exposure to PM 2.5 , were associated with lower forced expiratory volume in 1 second (FEV 1 ) and forced vital capacity (FVC) in a proportional, restrictive pattern in adults. Chronic exposure to traffic and PM 2.5 may cause inflammation in the distal airways, resulting in reversible airway closure and a restrictive-pattern lung function decrement. 13 It has also been proposed that long-term pollution exposure could destroy or damage alveoli, resulting in emphysema, 11, 14 or damage the pulmonary interstitium, resulting in interstitial lung disease. 15 To further investigate how ambient pollution exposure may affect the lung and airways, we examined associations of proximity to major roadway and annual PM 2.5 at home address with previously determined radiographic measures of inspiratory lung volume, mass, density, emphysema, airway size, and wall area, among adult FHS participants.
METHODS

Study Population
The study population consists of Framingham Offspring and Third Generation Cohort participants, which have been previously described. 16, 17 From 2008 to 2011, 2,749 of these participants underwent volumetric CT scans of the lung as part of FHS-MDCT2 (Multidetector Computed Tomography 2) substudy. This substudy had the following exclusion criteria: weighing ≥350 pounds, age <35 years (men) or <40 years (women), and pregnancy. We included 2,545 substudy participants who do not currently smoke, had a valid, geocoded home address, and attended the corresponding Framingham Offspring Exam 8 (2005 Exam 8 ( -2008 or Third Generation Exam 2 (2008 Exam 2 ( -2011 , during which questionnaire and address information was obtained. For 12 CT substudy participants who did not attend the corresponding FHS exam, the most recent earlier exam was used for questionnaire and address data. There were also 204 current smokers (7.4% of 2,749) who were excluded from primary analyses but were included in sensitivity analyses described below. The Institutional Review Boards of the Boston University Medical Center, Massachusetts General Hospital, and Beth Israel Deaconess Medical Center approved this study. All participants provided written consent.
Proximity to the Nearest Major Roadway
We geocoded participants' home address using ArcGIS 10 (ESRI, Redlands, CA) and calculated residential distance to the nearest major (A1, A2, or A3) roadway, defined by the US Census feature classification system as a primary highway with limited access (A1), a primary road without limited access (A2), or a secondary or connecting road (A3).
Based on previous work showing that particles levels diminish to neighborhood background levels 100 to 300 m from major roads, 18, 19 we examined associations using categories of distance: <100, 100-<200, 200-<400, and 400-<1,000 m. These categories of doubling distance were selected to reflect the decay function of traffic pollution as distance to roadway increases. We have also previously observed that the natural log of residential proximity to a major roadway and lung function and mortality are linearly associated. 6, 20 We, therefore, also tested the natural log of distance to roadway as an exposure. As in previous work, we excluded those living >1 km from a major road (321 participants or 11.7% of 2,749) when examining proximity to roadway as the exposure because, beyond 1 km, the distance to nearest major road is more likely to be an indicator of semirural or rural exposures rather than traffic.
6,21
PM 2.5 Assessment
We estimated ambient PM 2.5 concentrations at each residential address using a spatiotemporal model. The PM 2.5 model utilized satellite-based aerosol optical depth data, retrieved using the multiangle implementation of atmospheric correction (MAIAC) algorithm at 1 × 1 km resolution, and groundlevel daily PM 2.5 mass measurements, land use terms, and meteorological covariates to estimate daily PM 2.5 at 200 × 200 m resolution. 22 Predictions from this model had an excellent mean out-of-sample R 2 (0.88) and excellent fit of predictions when compared with withheld measurements (slope = 0.99). 22 We first fit a model regressing monitor-based PM 2.5 concentrations against aerosol optical depth, adjusting for land use terms and meteorological variables. We used inverse probability weighting to deal with nonrandom missingness of daily aerosol optical depth data. Second, we predicted concentrations for grid cells that only had aerosol optical depth available using the above fitted model. Third, for grid cells/days that had missing aerosol optical depth measurements, we imputed data using a generalized additive model with smoothing and a random intercept for each grid cell. Last, for each ground-level PM 2.5 monitoring site, we regressed residuals (differences between actual monitor-based measurement and predicted values for each grid cell) against spatial and temporal variables, as previously described. 22 We then used this model to estimate a daily localized residual (difference between grid cell and local value) at each residential location at 200 m x 200 m resolution. The total PM 2.5 daily estimates were calculated as the sum of grid and localized residual predictions.
We used the annual PM 2.5 concentration of an index year as a measure of recent, longer-term PM 2.5 exposure, using the address recorded at the time of each participant's Framingham exam. All Framingham exam visits took place in the same year or in a year preceding the CT scan. We selected 2008 as the index year because it overlapped best with the timing ofand 2008-2011 for Third Generation Exam 2). Other exposure averages (2003) (2004) (2005) (2006) (2007) (2008) were also tested in sensitivity analyses. We did not assign the PM 2.5 average for the year of the CT test because of the downward trend in PM 2.5 levels over time. Assigning the same index year to all participants avoids confusing differences in exposure due to home location with differences in exposure attributable to choice of year. This approach is consistent with our previous work and that of others in the field. 6, 23, 24 
Questionnaire and Census Data
At each exam, data were collected on demographics, medication use, smoking history, and respiratory symptoms and diagnoses. Neighborhood-level socioeconomic characteristics were assigned at the census tract level from US Census 2000 data.
Chest CT Acquisition and Analysis
Inspiratory chest CT scans were obtained in the supine position with no administration of contrast using the 64-detector-row CT scanner (Discovery, GE Healthcare, Waukesha, WI) with 120 kV, 300-350 mA (optimized with body weight), and gantry rotation time of 0.35 seconds. Raw data were collected using a 210° scan reconstruction algorithm and a detector width of 0.625 mm. Images were reconstructed by sharp lung algorithm with a 0.625-mm slice thickness and a 50 cm field of view. Image analysis was performed using the Chest Imaging Platform (www.ChestImagingPlatform.org) in the Applied Chest Imaging Laboratory at Brigham and Women's Hospital. Total lung volume, mass, density (median Hounsfield units of all lung voxels), airway lumen diameter, and airway percent wall area were calculated from the inspiratory chest CT scans as described previously. [25] [26] [27] [28] The parameters used for image acquisition and reconstruction led to substantial artifact in estimates of the percentage of low-attenuating tissue in the lungs. We present the median lung density because it is robust to such effects. By convention, the third subsegment of the right upper lobe was selected to calculate the airway lumen diameter (an indicator of airway narrowing) and percent wall area (a measure of airway wall thickening). 29 To classify CT scans by the presence or absence of visual emphysema, chest CT images were uploaded to a Picture Archiving and Communication System (PACS) workstation (Virtual Place Raijin, AZE Ltd, Tokyo, Japan) and visually evaluated for emphysema in three lung zones (upper, middle, and lower) by three board-certified radiologists specializing in thoracic imaging using a modified sequential reading method. 30, 31 After sequential reading, cases with emphysema in at least one lung zone were re-evaluated by two radiologists for consensus.
Statistical Methods
We used multivariable linear regression models for continuous outcomes (lung volume, mass, median lung density, airway percent wall area, and airway diameter) and multivariable logistic regression models for visual emphysema on CT. We adjusted for age at CT scan, sex, height (both as a linear and squared term), weight, median value of owner-occupied housing, and population density (persons/km 2 ) in the census tract, personal educational attainment, former smoking, pack-years of smoking, any household smoking, cohort, and date of CT scan. Current smokers were excluded from primary analyses out of concern that acute inflammatory effects of recent smoking might overwhelm chronic effects of pollution exposure. These covariates, and the exclusion of current smokers, were determined a priori and are consistent with our previous publications in this cohort. 2, 6, 32 We did not adjust for race/ethnicity because nearly all participants are of European ancestry, and individual-level income was not measured in this cohort.
Results from log-transformed proximity to roadway analyses were scaled as contrasting participants who lived at the 25th percentile of distance (66 m) to those who lived at the 75th percentile (429 m) from the nearest major roadway. For ease of interpretation, and consistency with prior publications, 6 results for all associations with annual average PM 2.5 at home address were scaled to a 2 µg/m 3 difference in annual average PM 2.5 . We tested for evidence of differential susceptibility to pollution exposure by sex, cohort, and smoking status (including and excluding current smokers). In sensitivity analyses, we relaxed our exclusion criteria, and repeated analyses including 204 current smokers and repeated near-roadway analyses including 321 participants living >1,000 m from a major roadway. As in prior work, we assessed the sensitivity of results to choice of PM 2.5 index year, by repeating analyses using PM 2.5 averaged from 2003 to 2008. 24 Scaled regression coefficients and odds ratios (ORs) were reported with 95% confidence intervals (CIs). Analyses were performed using Proc GLM and Proc LOGISTIC in SAS 9.4 (SAS Institute, Inc, Cary, NC). Figures were plotted using Stata 13 (StataCorp LP, College Station, TX). We used a threshold interaction term P value of ≤0.10 to evaluate effect modification.
RESULTS
Study Participants
Participant characteristics and outcomes are listed in Table 1 . Mean participant age was 60.1 years, with an equal representation of each sex. Nearly half were former smokers and almost a quarter of participants had lived with a smoker during adulthood. The majority attended at least some college and nearly half of participants had a college degree. By census tract, the median value of owner-occupied housing was $225,000 with a broad distribution, and population density was 1,051 and right skewed. Overall, 11% had emphysema as determined by CT visual inspection.
Exposure Distributions
Exposure distributions are summarized in Table 2 . The median distance to the closest major roadway was 214 m after excluding 11.7% of participants living >1 km from a major road. In 2008, annual average PM 2.5 concentration among study participants ranged from 1.0 to 15.6 µg/m 3 . The mean and median 2008 PM 2.5 levels were 9.4 and 9.7 µg/m 3 , respectively, below the current annual PM 2.5 US Environmental Protection Agency (EPA) annual National Air Quality Standard (NAAQS) of 12 µg/m 3 . Average PM 2.5 among those living >400 m from a major road was 8.8 µg/m 3 compared with 9.7 µg/m 3 among those <100 m from a major road (eTable 1; http://links.lww.com/EDE/B320).
Associations with CT Lung and Airway Measures
Major findings are summarized in Tables 3 and 4 . Proximity to major roadway was associated with higher inspiratory lung volume. There were no convincing associations of proximity to major road or PM 2.5 with the other pulmonary CT measures. Figure 1 shows the difference in average lung volume for each roadway category compared with the 400-<1,000m reference.
In testing for effect modification by sex, smoking status, and cohort, road proximity was associated with lower lung density among men (P interaction = 0.05) and higher odds of emphysema among former smokers (P interaction = 0.05). All other interactions had P > 0.1. Figure 2 shows the difference in lung density by distance to road category, stratified by sex. Men living <100 m from a major road had a median lung density that was 7.7 Hounsfield units (HU) lower (95% CI = −13.9, −1.5) than those living 400-1,000 m from a major road, but among women, there was no such association. Among former smokers, an interquartile range width difference in proximity to road (log-transformed) was associated with a 23% (95% CI = −1, 52) higher odds of emphysema as determined by CT. This association was null among never smokers. When we included current smokers, there remained effect modification Three hundred twenty-one participants (11.7%) who lived ≥1,000 m from a major roadway were excluded from the distance to roadway primary analyses. IQR w indicates interquartile range width. 2 , weight, education (no high school diploma, completed high school, some college, and college degree or higher), median owner-occupied home value andby smoking status (global P interaction = 0.03), and there was a positive association between proximity to road and odds of emphysema among the former smokers (but not among never and current smokers). Results of these stratified analyses are shown in eTables 2-3; http://links.lww.com/EDE/B320 in the online supplement.
Sensitivity Analyses
When current smokers were included in the analyses, the association between proximity to road and lung volume was still observed, and the remaining associations were unchanged. When we examined associations with distance to road including those living ≥1,000 m from a major road, the association between road proximity and odds of emphysema increased slightly: in the full cohort, odds of emphysema were 17% higher (95% CI −2, 39) among those living 66 m from a major road compared with 429 m. The other associations were essentially unchanged. Associations did not change substantially when we examined the 2003-2008 average of PM 2.5 . Results of all sensitivity analyses are shown in eTables 4-6; http://links.lww.com/EDE/B320 in the online supplement.
Exploratory Analyses
To place the association between proximity to road and inspiratory lung volume in context, we examined associations of smoking status and airflow obstruction (defined as FEV 1 / FVC <0.7) with lung volume measured by CT in the full study population, including current smokers. Each of these measures was associated with higher lung volume in parsimonious and fully adjusted models (eTable 7; http://links.lww. com/EDE/B320). Airflow obstruction on spirometry and current smoking were each associated with more than a 400 ml higher lung volume than those with no obstruction and never smoking status, respectively. Former smoking was associated with a 237 ml (95% CI = 161, 312) higher lung volume than never smoking, which is about twice the difference in inspiratory lung volume of 108 ml (95% CI = 8, 207) for those living within 100 m from a major road compared with those living 400-<1,000 m away (Figure 1 ).
DISCUSSION
In this cohort of generally healthy adults residing in the Northeastern US, those living closer to a major road had a higher average inspiratory lung volume. Despite our previous Adjusted for sex, age, height and height 2 , weight, education (no high-school diploma, completed high school, some college, and college degree or higher), median owner-occupied home value and population density from 2000 census tract, smoking status (former vs. never), pack-years of smoking, smoking by others in household, cohort, and date of exam. findings in this cohort that annual PM 2.5 exposure was associated with lower lung function and faster lung function decline, 6 PM 2.5 exposure was not associated with any of the CT measures of lung or airway structure that we examined.
Taken into context with our previous findings, the association of road proximity with higher lung volume could indicate: (1) subclinical emphysema, (2) an adverse effect on the small airways, resulting in air trapping, (3) increased inspiratory effort, or a combination of these. It seems unlikely that people living closer to roads would on average inhale more deeply during the inspiratory breath-hold of a CT scan, but this is a possibility as these analyses cannot account for variability in participant effort. Airflow obstruction and current and former smoking status were strongly associated with higher inspiratory lung volume in this population. Effect sizes for smoking and airflow obstruction were 2-4 times the 100 ml higher lung volume for those living <100 m versus 400-<1,000 m from a major road (eTable 7; http://links. lww.com/EDE/B320). This supports the notion that higher lung volume may be an indicator of obstructive lung disease. However, this conclusion is not supported by the fact that we did not identify associations with emphysema and airway thickening/narrowing.
In addition to lung volume, we considered two other indicators of emphysema: lung density and visual emphysema determined by radiologist consensus opinion. Lung density has been found to be a robust indicator of subclinical emphysema among smokers and those with impaired lung function, 33 ,34 but a recent study questioned the generalizability of using lung density on CT as a measure of emphysema among those with normal lung function on average. 35 In our secondary analyses, road proximity was associated with higher odds of visual emphysema among former smokers and lower median lung density among men. Taken together, these findings provide some evidence of elevated emphysema risk among those living very near major roads. Our finding that former smokers may be more susceptible to emphysema in association with living close to a major road is consistent with studies, including our prior work in Framingham, which have found greater reductions in lung function among former smokers, compared with never or current smokers, in association with traffic-related pollution. 6, 9 It is possible that smoking-related injury may predispose the lung to injury from air pollution. Others have also found that men may have greater susceptibility to residential pollution exposure than women, 2,36 although the literature is inconsistent. 37 A second explanation for the higher lung volume finding is an adverse effect of near-roadway pollution on the small airways. We were unable to assess for air trapping in this study because our protocol did not measure both inspiratory and expiratory films. A small number of studies have examined ambient exposures and air trapping by CT. In the COPDGene study of approximately 10,000 current and ex-smokers, occupational exposure to dust and fumes was associated with a higher percentage of lung less than −856 HU at end expiration (a measure of air trapping). 12 Occupational dust/fume exposure was also associated with greater airway wall thickness among men only. In a small study of Mexican women with chronic obstructive pulmonary disease, nonsmokers exposed to biomass burning had more air trapping on CT compared with smokers, who had more emphysema. 38 A study examining chest x-rays of 249 healthy children identified hyperinflation in a much larger proportion of children in the polluted city of Mexico City, compared with a less polluted region of Mexico. 39 Among children with abnormal chest x-rays who underwent CT scanning, many had mild bronchial wall thickening and air trapping. We did not identify associations between road proximity and airway wall thickness and lumen diameter. Although the dimensions of the large airways have been found, histologically, to be a reasonable proxy of small airway dimensions, this relationship is imprecise (R 2 only 0.57 for percent wall area in one study). 40 The possibility that the association between traffic exposure and lung volume in our study is mediated by an effect on the very small airways remains unanswered. There is inconsistent evidence of an association between long-term traffic-related pollution exposure at levels experienced in the United States and Europe and risk of COPD. In a study of 4,757 55-year-old women in Germany in 1985-1994 (when pollution levels were substantially higher), Schikowski and colleagues 41 found that women living within 100 m of a major road were 1.79 times (95% CI = 1.06, 3.02) more likely to have COPD by Global Initiative for Chronic Obstructive Lung Disease (GOLD) GOLD criteria than those living further away. A Swedish large-scale postal questionnaire study found that living <100 m from a busy road was associated with self-reported COPD diagnosis and chronic bronchitis symptoms. 42 A meta-analysis of four European cohorts found positive but imprecise associations of NO x , PM 2.5 , PM 10 , and traffic density within 100 m of the home with COPD prevalence and incidence. 43 There were associations between traffic density and COPD only among women and never smokers. 43 A separate analysis in the same cohort did not find an association between current traffic exposure and chronic bronchitis symptoms. 44 We found that traffic exposure was associated with lower lung density among men, and higher odds of emphysema among former smokers, but not among women and never smokers.
Associations of PM 2.5 with lung volume, median density, visual emphysema, and airway diameter were in the same direction as road proximity, but these associations were small in magnitude and imprecise. We have previously found associations of PM 2.5 (and also proximity to road) with lower FEV 1 and FVC (but not FEV 1 :FVC) in a repeated-measures analysis in this cohort. 6 In comparing our CT outcomes with these measures, FEV 1 and FVC were fairly strongly correlated with lung volume and lung mass (Pearson correlations ranged from 0.56 to 0.72), and modest correlations were observed with airway wall thickness and lumen diameter (0.22 and 0.19, respectively; eTable 8; http://links.lww.com/EDE/ B320). After accounting for age, sex, and height, the correlations with lung volume and mass were lower but still present (partial correlations 0.17-0.23, except for 0.43 between lung volume and FVC; eTable 8; http://links.lww.com/EDE/B320).
There are a number of potential explanations for the weak or null findings for PM 2.5 . Compared with prior analyses using >9,000 spirometry tests, the present analysis using up to 2,749 CT exams was less well powered to examine associations with PM 2.5 . Additionally, the CT measures may have less precision compared with spirometry obtained in accordance with American Thoracic Society standards (especially lung mass, which is computed from CT measures of volume and density 28 ). Nonetheless, the associations we observed between proximity to road and lung volume persisted after adjustment for FVC and indicate a difference in inspiratory lung volume not entirely explained by differences in lung function: lung volume was 137 ml higher (95% CI = 45, 230) if <100 m and 135 ml higher (95% CI = 24, 247) if 100-<200 m from a major road compared with 400-<1,000 m, after adjusting for FVC and confounders. It is possible that the mixture of particles and gases in the immediate vicinity of a major road are responsible for the observed associations with lung volume and not overall PM 2.5 exposure. A number of studies investigating adverse health outcomes have found stronger associations with living close to a road than with modeled estimates of pollutant exposure. 32, [45] [46] [47] [48] Nearroadway pollution has a higher proportion of very tiny (<0.1 µm diameter) ultrafine particles, including metals and carbonaceous materials emitted in motor vehicle exhaust. Ultrafine particles dissipate exponentially with distance from a freeway, and the smallest of these dissipate within 90 m. 49 Near-roadway pollution also contains particles that are larger than PM 2.5 (road dust from tires and break lining containing plastics and metals) and gases including nitrogen oxides, which may contribute to risk of lung disease. There is some evidence that larger particles (>2.5 or 10 µm) may be more harmful to the lung than PM 2.5 , which may explain the lack of association with PM 2.5 .
10,44 Compared with earlier studies, we were also limited in our power to examine PM 2.5 , because average PM 2.5 in 2008 was not only low but also narrowly distributed (IQR width only 1.6 µg/m 3 ). Nonetheless, other studies have found associations between annual PM 2.5 at similar concentrations and adverse health measures. 6, 21, 50, 51 It is possible that other near-roadway exposures, including noise or social stress, could be responsible for the associations with lung volume, even after adjustment for measures of socioeconomic status, but there is no strong biologic reason to suspect this.
Our study has some limitations. It is a cross-sectional study design. Proximity to roadway is a singular measure of distance that does not take into account how long the participant lived at a given address. The PM 2.5 satellite data became available in 2003, and therefore, we could not consider differences in PM 2.5 exposures earlier in life in our analyses. Instead, we used the 2008 (and 2003-2008) averages as indicators of recent, longer-term exposure. Additionally, the modeled PM 2.5 data is only resolved to 200 m and therefore could not capture microscale differences in longer-term PM 2.5 exposure. Future work, including adult cohort studies with longitudinal address and highly resolved exposure data capturing a large proportion of the lifetime, may address these limitations. Our findings may not be generalizable to other ethnicities or people of very low socioeconomic position. Although we have adjusted for a robust list of potential confounders, we cannot exclude the possibility of residual confounding.
Our study also has several strengths. In this relatively large cohort of adults, we used an innovative spatiotemporal model to estimate PM 2.5 at each person's address and accounted for demographic and lifestyle factors, and individual-and neighborhood-level indicators of socioeconomic position in our analyses. We examined novel CT measures of the lung and airways using standardized quantitative and clinical protocols to assess for radiographic evidence of emphysema and airway disease, many of which have not been examined in air pollution research before.
CONCLUSIONS
In this study, people living closer to a major road had a higher average inspiratory lung volume, but otherwise, there
